Rates of glucose utilization (lCMRglc) in many structures of the brain of fed, portacaval-shunted rats, when assayed with the [14C]deoxyglucose (DG) method in our laboratory, were previously found to be unchanged (30 of 36 structures) or depressed (6 structures) during the first 4 weeks after shunting, but to rise progressively to higher than normal values in 25 of 36 structures from 4-12 weeks. In contrast, ICMRglc, when assayed with the [14C]glucose method in another laboratory, was de pressed in most structures of brains of 4-8-week shunted rats that had relatively high brain ammonia levels. There was a possibility that the increases in ICMRglc obtained with the [14C]DG method may have been artifactual, due, in part, to a change in brain glucose content which could alter the value of the lumped constant of the DG method. Brain glucose levels of shunted rats were, therefore, as sayed by both direct chemical measurement in freeze blown samples and by determination of steady-state brain:plasma distribution ratios for e4C]methylglucose; Liver disease is accompanied by chronic hyper ammonemia and alterations in behavior and mental state. Ammonia is widely regarded as a toxin with a "threshold level for neurotoxicity" of about 1 j-Lmol/g of brain; above this level EEG abnormalities and behavioral changes (e.g., lethargy, stupor, and coma) are observed in experimental animals Cooper and Plum, 1987; Raabe, 1990) . Construction of a portacaval shunt chroni cally elevates ammonia levels in blood and brain,
the methylglucose distribution ratio varies as a function of plasma and tissue glucose contents. Within a week after shunting, ammonia levels in blood and brain rose to 0.25-0.30 mM and 0.35-0.70 I-lmoVg, respectively, and mean plasma glucose levels fell from 9-10 mM to 7.4-8.5 mM, and then remained nearly constant. Brains of fed shunted rats had normal glycogen levels and stable but moderately reduced glucose contents between 1 and 12 weeks (i.e., 1.9-2.2 I-lmol/g). [14C] Methylglucose distri bution ratios were essentially the same as those in con trols in 22 brain structures at 2 and 8 weeks after shunt ing. Because brain glucose levels remained stable from 1 to 12 weeks after shunting, there is no evidence to sup port the hypothesis that the value of the lumped constant would have changed and caused an artifactual rise in ICMRglc• Key Words: Glucose metabolism-Deoxy glucose-Lumped constant-Ammonia-Portacaval shunt. and portacaval-shunted animals have been used to study relations between chronic hyperammonemia and the progressive pathophysiologic changes in brain associated with hepatic encephalopathy.
Local rates of glucose utilization (lCMRgic) in brain vary with functional activity (Sokoloff, 1982) and can, therefore, be used to identify structures affected by ammonia and evaluate the temporal pro gression of pathophysiologic changes in brain. ICMRglc in many structures of fed, portacaval shunted rats assayed with the [14C] deoxygiucose (DG) method (Sokoloff et al., 1977) were previously reported to be depressed (6 of 36 structures) or un changed during the first few weeks after shunting, but to rise progressively to higher than normal val ues by 12 weeks in 25 of 36 structures (Cruz and Duffy, 1983) . Lockwood et al. (1986) also found in creases in ICMRglc assayed with the DG method in 8-week shunted rats, whereas ICMRglc when as sayed with [14C] glucose was reported to be reduced from 6 h to 8 weeks after shunting (Mans et aI., 1983b (Mans et aI., , 1986a (Mans et aI., , 1990 Dejoseph and Hawkins, 199 1) .
Differences in the results obtained in shunted rats with the two methods were hypothesized to be due to changes in the value of the lumped constant of the [14C] DG method after shunting (Mans et aI., 1983b (Mans et aI., , 1984b (Mans et aI., , 1986a (Mans et aI., , 1990 Hawkins and Mans, 1990; Dejoseph and Hawkins, 199 1) . The lumped constant is the factor in the operational equation of the [14C] DG method that accounts for kinetic dif ferences in transport and phosphorylation of DG and glucose; the value of the lumped constant can vary with brain glucose content (Sokoloff et aI., 1990) . Because the plasma glucose levels of their shunted rats were normoglycemic and nearly con stant throughout the 1-12 week interval after shunt ing, Cruz and Duffy (1983) assumed that brain glu cose contents and the lumped constant would have also been stable. In other studies, brain glucose lev els in shunted rats were either near-normal (Hind felt, 1984; Mans et aI., 1986a; Dejoseph and Hawk ins, 199 1) or about half-normal (Holmin and Siesj6, 1974; Mans et aI., 1984a, b) , and the shunted rats with the highest brain ammonia levels had the low est brain glucose levels, suggesting that changes in the brain glucose contents of shunted rats, if any, might be influenced by the chronic level of ammo nia in brain. Because abnormal levels of glucose could alter the value of the lumped constant, levels of both ammonia and glucose in blood and brain of portacaval-shunted rats were determined at inter vals after construction of the shunt. 
MATERIALS AND METHODS

Chemicals
Animals and operative techniques
Two separate groups of adult male Wistar rats weighing 240--300 g were used. The first group of 87 rats, used for chemical assays of ammonia, glucose, and glycogen lev els in whole blood, plasma, or brain, was purchased from Charles River Breeding Farms (Wilmington, MA, U.S.A.). End-to-side portacaval anastomoses were con structed in our laboratory by the suture procedure of Lee and Fisher (1961) as described (Cruz and Duffy, 1983) ; fed and fasted unoperated rats were used as controls. The second group of rats was used to assay [14C] methylglu cose distribution ratios; sham-operated rats and rats with end-to-side portacaval shunts constructed by the su ture method were purchased from Hilltop Lab Animals (Scottdale, PA, U.S.A.).
J Cereb Blood Flow Metab, Vol. 14, No.1, 1994 Experimental procedures and metabolite assays Portacaval-shunted rats have atrophied livers (liver weights are about half-normal) that have near-normal gly cogen content per gram of liver (Kyu and Cavanagh, 1970; Rossouw et aI., 1978) , and prolonged fasting might artifactually reduce their plasma and tissue glucose lev els. The shunted rats were not fasted overnight before the experimental procedure; controls were either fed ad libi tum, or fasted overnight to stabilize their plasma glucose levels. On the day of the experiment, the rats were anes thetized with 1.5% halothane, catheters were inserted into the femoral artery, and 3-3.5 h were allowed for recovery. Rectal temperature was monitored and main tained at 37"C with heating lamps. Arterial blood pressure was monitored with a Statham transducer connected to a Beckman recorder or an air-damped mercury manometer. Rats were placed in fenestrated plastic restrainers -45 min before arterial blood samples were drawn for mea surement of pH, Pco2, and P02 (Corning Model 158 pH/BloodGas Analyzer; Corning Medical Scientific, Medfield, MA, U.S.A.), and also ammonia and glucose. Immediately after blood samples were obtained, the rats were placed in the freeze-blowing apparatus and killed by freeze-blowing (Veech et aI., 1973) . Portions of each blood sample were centrifuged to obtain plasma for assay of glucose levels with a Beckman Glucose Analyzer 2 (Beckman Instruments, Fullerton, CA, U.S.A.). Other portions of whole blood were immediately deproteinized with HCI0 4 , and the neutralized extracts stored at -70°C until assayed for their contents of ammonia (For conve nience, ammonia refers to the sum of the concentrations of NH3 and NH 4 + ) . Frozen brain samples were stored at -70°C until powdered under liquid nitrogen, weighed, and extracted (Ghajar et aI., 1982) . Neutralized HCI0 4 extracts were assayed for their glucose (Lowry and Pas sonneau, 1972) and ammonia (Folbergrova et aI., 1969) contents. Glycogen was assayed in brain powders that were heated in 0.03 M HCI; values were corrected for the free glucose content (Ghajar et aI., 1982) .
Brain:plasma distribution ratios for [14C] methylglucose Conscious, fasted controls and fed shunted rats were given programed intravenous infusions of [14C] methylglu cose designed to maintain constant levels of 14C in arterial plasma for 60 min (Dienel et aI., 1991) . Timed arterial blood samples were drawn for analysis of plasma glucose and [14C]methylglucose levels; 14C was measured by liq uid scintillation counting with external standardization. The rats were killed with an overdose of pentobarbital, and their brains were quickly removed and frozen, cut into 20-jJ.m sections at -20°C, and exposed to SB5 x-ray film (Kodak, Rochester, N.Y., U.S.A.). Local 14C con centrations were determined by quantitative autoradiog raphy from the optical densities of the autoradiographs with a Microcomputer Imaging Device (Imaging Re search, Brock University, St. Catharines, Ontario, Can ada). Steady-state brain:plasma distribution ratios were calculated by dividing the tissue concentration by that in plasma at the end of the 60-min programed infusion.
Statistical analysis
Significant differences between control and experimen tal values were determined by analysis of variance and Dunnett's test for multiple comparisons against a single group mean. One-week shunted rats were used as the reference group for most comparisons; in the early phase after shunting (i.e., <1 week) rats are hyperammonemic, but do not exhibit astrocytic pathology (Cavanagh and Kyu, 1971) or progressive increases in lCMRglc (Cruz and Duffy, 1983) , which are evident only after 3-4 weeks.
RESULTS
Comparison of portacaval-shunted rats used for determination of ICMRg\c and for brain glucose levels
Because different groups of shunted rats were used for determination of ICMRg\c (Cruz and Duffy, 1983) and for brain ammonia and glucose levels (present study) it is necessary to ensure that their biochemical characteristics were the same. Shunted rats exhibited the usual postoperative weight loss at 1 week after shunting and slow, progressive gain in weight; also, the arterial blood gases and pH of 1-12-week shunted rats were similar (Cruz and Duffy, 1983) (Table O . Mean arterial blood pressures (range 116-130 mm Hg) and body temperatures were essentially the same in control and 8-and 12week shunted rats in the present study (results not shown). Changes in organ weights were consistent with those reported by Kyu and Cavanagh (1970) ; the livers and testes of 8-week shunted rats weighed less than half [5.5 ± 1.7 and 1. 1 ± 0. 3 g (n = 12), respectively] of those of weight-matched controls [13.8 ± 1.0 and 2.9 ± 1.0 g (n = 12), respectively], whereas the weights of whole brain and kidney of shunted rats [2. 1 ± 0. 1 and 1.5 ± 0.0 g (n = 5), respectively] were similar to those of controls [2.0 ± 0. 0 and 1.3 ± 0.3 g (n = 7), respectively] (means ± SD).
Ammonia levels in arterial blood were elevated 2-3-fold between 1 and 12 weeks after shunting (Ta ble 2). These levels are -30% higher than those observed by Cruz and Duffy (1983) , but the blood ammonia content remained within the range of -0.2-0.3 mM in both studies. The mean plasma glu cose levels of shunted rats were within the normo-glycemic range and fairly stable with time after shunting; the mean values were similar to that of fasted controls at 1 week, -12% lower (i.e., 7.4-7.7 mM) at 4-12 weeks, and 30% lower at 14 weeks (Table 3A) ; these values are within 3-12% of those obtained by Cruz and Duffy (1983) . Thus, on the basis of physiologic variables, blood ammonia, and plasma glucose levels, the shunted rats used in the present and previous studies are similar.
Brain ammonia concentrations
The level of ammonia in brain, which was not measured by Cruz and Duffy (1983) , could be ex pected to influence the rate of glucose utilization and also the brain glucose content; it was, there fore, determined in the present study. The brain ammonia concentration increased about twofold within a week after shunting and, in contrast to the plasma ammonia level, continued to rise until 8 weeks (Table 2) . At 12 and 14 weeks, the brain am monia levels were 20% lower than those at 8 weeks, but the brain:blood distribution ratio for ammonia remained elevated (Table 2) . Brain:blood distribu tion ratios for ammonia exceeded 1.0 for both con trol and shunted rats. This is the expected conse quence of diffusion of ammonia across the blood brain barrier as the free base and trapping of the ammonium ion in brain tissue; brain has a lower pH (Le., -7. 1-7.2) than blood (i.e., -7.4) (Cooper and Plum, 1987) . Blood and brain ammonia levels in Ta ble 2 are similar to those consistently obtained in our laboratory (Hindfelt et aI., 1977; Gjedde et aI., 1978; Ehrlich et al., 1980; Cruz and Duffy, 1983; Cooper et aI., 1985) .
Brain glucose and glycogen concentrations
Glucose levels in freeze-blown samples of brain were lower in fed portacaval-shunted rats compared with fed and fasted controls, whereas their brain glycogen levels were normal or higher than normal (Table 3A ). Brain glucose concentrations were, however, nearly constant (i.e., 1.9-2.2 f.Lmol/g) be- Values are means ± SD for the number of rats indicated in parentheses. Body weights of the 14-week shunted rats averaged 378 ± 34 g.
a Statistically significantly different from I-week shunted rats; p < 0.05 (Dunnett's test).
tween 1 and 12 weeks after shunting, then fell to 1.3 fLmol/g at 14 weeks (Table 3A) .
Brain:plasma distribution ratios for glucose
The brain:plasma distribution ratios for glucose in shunted rats were lower than those of control rats but were similar at 1, 4, 8, and 12 weeks after shunt ing (Table 3A ). The brain:plasma distribution ratios for glucose of the fed and fasted controls and shunted rats (Table 3A) were higher than the steady-state brain: plasma distribution ratios for glu cose observed in our previous study (Dienel et aI., 199 1) for normal, conscious, fasted rats that had their arterial plasma glucose contents clamped at similar levels (Table 3B ). Because the distribution ratios were calculated with the plasma glucose level Values are means ± SD.
Glucose concentration
Plasma (f-tmol/ml) Brain (f-tmollg)
10.4 ± 1.2 b 3.7 ± 0.5 b 9.0 ± 1.4
3.0 ± 0.7 b 8.5 ± 0.8 2.2 ± 0.5 7.7 ± 1.2 2.0 ± 0.4 7.5 ± 0.9 b
1.9 ± 0.5 7.4 ± LO b
2.0 ± 0.5 6.0 ± 0.6 b 1.3 ± 0.3 b 6.9 ± 0.6 1.2 ± 0.3 8.5 ± 0.3 1.9 ± 0. 1 9.4 ± 0.5
1.8 ± 0.2 11.7 ± 2.0 2.1 ± 0. Brain
a Arterial blood samples were drawn from control and portacaval-shunted rats immediately before the rats were killed by fr eeze blowing; blood glucose levels were not clamped during the freeze-blowing procedure. The number of animals for glucose determinations (n = 4-24/group) is shown in Table I ; for glycogen determinations, n = 6-7 and 9-15 for controls and shunted rats, respectively.
b Statistically significantly different from I-week shunted rats; p < 0.05 (Dunnett's test).
c These values are relatively high, probably artifactually, because of the transient changes in plasma and tissue glucose levels associated with stress during placement of the rats in the freeze-blowing apparatus (see text).
d Results (n = 3-4/group) are from our previous study (Dienel et aI., 1991) . Arterial plasma glucose levels of normal rats were clamped at predetermined levels by intravenous infusion of D-glucose and killed 45 min later by freeze-blowing. Rats were excluded if their plasma glucose levels changed by > ± 10% during the clamp procedure or after placement of the animal in the freeze-blowing apparatus. Glucose concentrations were determined in arterial plasma and ethanol extracts of brain.
determined immediately before placement of the rat in the freeze-blowing apparatus and plasma glucose levels were not clamped in the present study, the glucose distribution ratios were probably inflated by transient, stress-induced changes in plasma and tissue glucose levels after placement of the rats in the freeze-blowing apparatus (Wong and Tyce, 1978) . Shunted rats have atrophied livers (Kyu and Cavanagh, 1970; Rossouw et aI., 1978) , and they would be expected to produce less glucose from liver glycogen after stressful events than normal rats. The magnitude of overestimation, if any, of the brain glucose levels and brain:plasma distribution ratio for glucose of shunted rats would be lower than that in normal rats. The apparent differences between the brain glucose levels of controls and shunted rats (Table 3A) were, therefore, probably exaggerated.
Brain:plasma distribution ratios for methyl glucose
The steady state brain:plasma distribution ratio for methylglucose varies with plasma and tissue glu cose contents, and local brain glucose levels can be assayed by autoradiographic determination of the methylglucose distribution ratio (Gjedde and Diemer, 1983; Dienel et aI., 199 1) . e4C]Methylglu cose was distributed uniformly throughout the brains of both control and shunted rats (Fig. 1) , and, except for cerebellar gray matter at 2 weeks, there were no statistically significant differences among the [14C] methylglucose distribution ratios obtained for controls and 2-or 8-week shunted rats (Table 4 ). The methylglucose distribution ratios (Table 4 ) are similar to those previously obtained in samples of freeze-blown brains of normal rats [i.e., distribution ratios were 0.S4 ± 0.02, 0.S2 ± 0.0 1, and O.SI ± 0.01 that had plasma glucose levels clamped at 6.9 ± 0. 6, 8.S ± 0.3, and 9.4 ± O.S mM (means ± SD), respectively (Dienel et aI., 1991) ].
Lumped constant
The lumped constant of the DG method depends on the brain glucose concentrations (Sokoloff et aI., 1990; Dienel et aI., 199 1) . Brain glucose levels were nearly constant during the 1-12 week time span af ter construction of the portacaval shunt (Table 3) . The lumped constant is, therefore, also stable (i.e., 0.4 1-0.43; Table SA) ; it is close to values obtained for normal rats with clamped plasma glucose levels (Table SB) . Because tissue glucose levels were rel atively uniform throughout the brain (Fig. 1; Table  4 ), the same value of the lumped constant can be used for all structures of the brain. In brain samples obtained by Hindfelt (1984) , similar values of the lumped constant for 3-and 8-week shunted rats (Ta ble SC) are estimated from either total or intracel- Representative autoradiographs at the level of the anterior hippocampus are shown for control and portacaval-snunted rats. The steady state brain:plasma distribution ratios for [14C] methylglucose in 22 brain structures are shown in Table 4 . lular (i.e., total glucose minus the amount in blood and CSF) glucose levels. Also, the values of the lumped constant are similar (0.34 and 0.3S) for the 1-and S-week shunted rats of Holmin and Siesjo Fig. 1 . Mean arterial plasma glucose concentrations were 7.2 ± 2. 1 mM (controls), 9.6 ± 2.2 mM (2-week shunts), and 8.9 ± 3.2 mM (8-week shunts); liver weights were 11.7 ± 2.4 g (controls), 7.5 ± 2.3 g (2-week shunts), and 8.4 ± 6. 1 g (8-week shunts) (means ± SD).
b Statistically significantly different from control by Dunnett's test (p < 0.05).
(1974) when estimated from much higher glucose concentrations in intracellular water in the frontal pole (Table 6) . Thus, evidence from several studies supports the relative stability of the lumped con stant after shunting as long as brain glucose levels are within or above the normal range.
DISCUSSION
Traits of portacaval-shunted rats
It is often assumed that portacaval-shunted rats used by different investigators exhibit the same bio chemical characteristics and that the magnitude of change and rates of progression of various patho physiologic processes are similar in all shunted rats. When, however, the results from many laboratories are compared (Table 6) , it is evident that there are important differences among and within various groups of shunted rats. Blood ammonia levels of all groups of shunted rats were within the range of O.2-0.5 mM between 1-16 weeks after shunting, but two J Cereb Blood Flow Metab, Vol. 14, No. 1, 1994 groups can be separated on the basis of brain am monia levels. Moderate increases in brain ammonia levels (i.e., 0.4-0.7 mM) have been observed in most studies that used the suture method (Lee and Fischer, 196 1) to construct the portacaval shunt. The brain glutamine levels in these rats are -11-15 j.Lmol/g, and their plasma and brain glucose levels are mostly within the normoglycemic range until 14-16 weeks (Dejoseph and Hawkins, 199 1; Hawk ins et al., 1993) (Tables 3-6 ). When the glue method (Mans et al., 1982) is used to construct the porta caval shunt, ammonia and glutamine levels in brain are usually about twice as high (i.e., -0.8-1.3 and 21-24 j.Lmol/g, respectively; Table 6 ) as those ob tained when the suture method is used; brain glu tamine levels are positively correlated with brain and plasma ammonia contents (Williams et aI., 1972) . Brain glucose levels and glucose distribution ratios in these rats are either normal or about half normal (see next section). Thus, various chronic levels of ammonia, glutamine, and glucose in brain a Mean values for brain glucose content in each group were used to estimate the corresponding values for the lumped con stant from previously determined relations between brain glu cose content and the lumped constant (Table 1 of Dienel et aI., 1991) . b Brain glucose concentrations (tJ-moilg) are from Table 3 .
C Data are from Hindfelt (1984) . The lumped constant was es timated from either total glucose concentrations in brain tissue (tJ-moilg) or glucose levels in intracellular water calculated from total glucose corrected for the extracellular contents and brain water content (tJ-moilml; values shown in parentheses). might be obtained by using different procedures to construct the shunt. Rats with the highest brain am monia levels had the lowest brain glucose contents at the earliest times after shunting (Table 6) , and evolution of some pathological changes could be expected to be influenced by the chronic levels of ammonia.
Influence of portacaval shunting on brain:plasma distribution ratio for glucose A plot of combined results from several studies indicated that the brain:plasma distribution ratio for glucose progressively decreases with time after shunting to �40% of normal at 16 weeks (Mans et al., 1986b) . Subnormal brain glucose levels (i.e. , <1 J.Lmol/g) and glucose distribution ratios (i.e., <0.2) in portacaval-shunted rats appear, however, to be the exception rather than the rule. In rats shunted by the suture method that have brain ammonia or glutamine levels below �0.7 or 15 J.Lmollg, respec tively, the glucose distribution ratios are near normal and relatively stable for � 12 weeks (Hind felt, 1984; Dejoseph and Hawkins, 199 1; Hawkins et al., 1993) (Tables 3, 5 , and 6) suggesting that, at least until very late times after shunting, the brain glucose concentration follows that in plasma, and it should be near-normal as long as the plasma glucose level is maintained. On the other hand, in rats shunted by the glue method, both brain glucose lev els and distribution ratios varied over a very wide range. For example, brain glucose levels in 4-8week shunted rats were either low (1.3 J.Lmol/g) with near-normal distribution ratios (i.e., 0.20 compared to 0. 22 or 0.26 mllg for controls) (Mans et al. , 1983b) , or even lower with half-normal distribution ratios (i.e. , about 0.8-1 J.Lmolig and 0.08-0. 16 mllg, respectively) (Mans et al., 1984a,b) ; it was these very low glucose levels that were used by Mans et al. (1983b Mans et al. ( , 1984b to predict values of the lumped constant (see next section). In contrast to the above results, glucose distribution ratios in other groups of rats shunted by the glue method and used to as say ICMRglc with e4C]glucose were very close to those obtained in parallel for normal rats (i.e., 0.20-0.26 mllg, Mans et al., 1983b Mans et al., , 1986a Mans et al., , 1990 Hawkins and Mans, 1989) and were also similar to values obtained in the present study (Table 3 ). Brain glu cose levels in the rats used to assay ICMRglc with [14C] glucose are not usually reported; when calcu lated from mean values for plasma glucose levels and mean distribution ratios reported in these stud ies, the brain glucose levels are found to be near normal (e.g., > 1.9 J.Lmolig in 5-6-week shunted rats; Mans et al., 1986a) . The reasons for large variability in brain ammonia and glucose levels in portacaval shunted rats produced by the glue method are not known. Also, the fact that the glucose distribution ratio did not rise above normal in the shunted rats in which ICMRglc was depressed by 10-30% in almost all structures in the brain [as observed for urease treated, hyperammonemic rats (Jessy et al., 1990, 199 1)] is unexpected. If the glucose distribution ra tio were governed only by supply and demand, it would drop when glucose consumption exceeds its rate of supply and rise when ICMRglc is depr�ssed.
Lumped constant in shunted rats
The results of the present study demonstrate the stability, between 1 and 12 weeks after shunting, of the lumped constant in fed shunted rats with mod erately elevated brain ammonia levels. Reduced glucose levels in samples of freeze-blown brain from shunted rats compared with those in fed or Values are means or medians; medians were calculated from values reported in separate studies from the same laboratory or, where noted, from values for various brain regions reported in the same study. All but one of the studies listed in references 1-7 used the suture method of Lee and Fisher (1961) to construct the portacaval shunt; Jeppsson et al. (1983) used a "button method." Studies listed in reference 8 used the glue method (Mans et aI., 1982) to construct the shunt; other studies from the laboratory listed in reference 8 using the glue or suture methods are described in the text (see Discussion).
a References: (1) Kyu and Cavanagh (1970) , Cavanagh and Kyu (1971) , Williams et al. (1972) , Cremer et al. (1975a,b) , Sarna et al. (1979) ; (2) Hindfelt et al. (1977) , Gjedde et al. (1978) , Ehrlich et al. (1980) , Cruz and Duffy (1983) , Cooper et al. (1985) , Cruz and Dienel (present study) ; (3) Lockwood et al. (1986) ; (4) Hindfelt (1984) ; (5) Zanchin et al. (1979 Zanchin et al. ( , 1981 ; Battistin and Zanchin (1980); Jeppsson et aI. (1983) ; Rigotti et al. (1985) ; (6) Giguere and Butterworth (1984) , Butterworth and Giguere (1986) ; Butterworth et al. (1988) ; Girard and Butterworth (1992) ; (7) Holmin and Siesj6 (1974) ; (8) Mans et al. (1982 Mans et al. ( , 1983a Mans et al. ( ,b, 1984a Mans et al. ( ,b, 1986a Mans et al. ( , 1990 ; White and Mans (1984) .
b Brain/plasma distribution ratios were calculated from mean values when both plasma and brain glucose levels were reported in the same study. Values from the present study are means of ratios determined for each animal (see Table 3 ).
c Plasma ammonia concentrations. d Blood glucose concentrations were mUltiplied by 1.5.
e Median of values from various brain regions.
f Brain ammonia levels in shunted rats at 5 and 11 days were -25-40% higher than those of controls; concentrations were not stated (Mans et aI., 1990) .
fasted controls would raise the values of the lumped constant (i.e., �17-24%) ( Table 5) , and previously reported values for ICMRglc in shunted rats (Cruz and Duffy, 1983 ) would be correspondingly overes timated compared with controls. The experimental procedure of the DG method does not, however, cause the same degree of stress as the freeze blowing procedure, and differences between the ac tual glucose levels in brain in vivo of control and Vol. 14, No.1, 1994 shunted rats (and the lumped constant) could, therefore, be expected to be much smaller than those estimated from glucose levels in freeze-blown samples (Table 3A) . The values for the lumped con stant attributed by Mans et aI. (1983b Mans et aI. ( , 1984b to the shunted rats of Cruz and Duffy (1983) (and subse quently to those of Lockwood et aI., 1986) were estimated on the basis of brain glucose levels that were only one third to one half of normal; the con-elusion that the lumped constant changes with time after shunting and accounts for the differences ob tained with the [14C]DG and e4C]glucose methods (Mans et aI., 1983b (Mans et aI., , 1984b (Mans et aI., , 1986a (Mans et aI., , 1990 Hawkins and Mans, 1990; Dejoseph and Hawkins, 1991) does not, therefore, apply. Apparent differences in the values of the lumped constant estimated for controls and shunted rats can be inflated by stress-induced changes in plasma and brain glucose levels during the procedure to obtain the tissue samples. These differences can be minimized, as suggested by Cruz and Duffy (1983) , by comparison of delayed changes in ICMRglc to values observed for I-week shunted rats that have the same lumped constant (Table 5 ). Small varia tions in the lumped constant (i. e., <�1O%; Table 5 ) would not account for the progressive and much larger increases (i.e., 40-75%) in ICMRglc in specific brain structures of shunted rats that were enhanced by infusion of small amounts of ammonia into one carotid artery (Cruz and Duffy, 1983; Lockwood et aI., 1986) . The small, acute ammonia challenge that affected EEG but not behavior of 8-week shunted rats (Lockwood et aI., 1986) is not ex pected to alter the lumped constant because a larger, coma-producing dose of ammonium acetate did not alter the brain glucose level of 8-week shunted rats within 60 min even though the brain ammonia levels rose from 0.5 to 2-3 mM (Hindfelt et aI., 1977) .
Glucose metabolism in brain of the portacaval shunted rat
ICMRglc was found to be initially unchanged or depressed in a small number of structures, then to increase progressively with time and ammonia chal lenge in many structures when determined with the e4C]DG method (Cruz and Duffy, 1983; Lockwood et aI., 1986) . On the other hand, when assayed with e4C]glucose, lCMRg1c in shunted rats was reported to be reduced by �10-30% in most brain structures regardless of the time after shunting (i.e., 6 h to 8 weeks), the position of the label (i. e. , [2_14C]_ or [6-14C]-labeled glucose), the procedure to construct the portacaval shunt, or the brain glutamine levels (i.e., �7, 8, 12, 15, or 20 IJ.mollg) (Mans et aI., 1983b (Mans et aI., , 1986a (Mans et aI., , 1990 Dejoseph and Hawkins, 1991; Hawkins et aI., 1993) . Can this apparent discrep ancy, mainly at later times after shunting, be ex plained on the basis of the pathophysiology of var ious shunted rats, the methods to assay lCMRg1c' or both?
One possibility is that the generalized depression of lCMRg1 C reported for shunted and urease-treated rats might reflect, in part, an overall decrease in functional activity due to their high brain ammonia levels that are closer to the neurotoxic levels that cause lethargy, stupor, or coma. It has been sug gested that glutamine, not ammonia, might influ ence lCMRglc (Jessy et aI., 1990 (Jessy et aI., , 1991 Hawkins and Jessy, 1991) because urease treatments for 48 h re duced lCMRglc assayed with e4C]glucose in propor tion to the rise in brain glutamine level; reductions in lCMRglc could be prevented by prior inhibition of glutamine synthetase. Inhibition of glutamine syn thesis or providing dietary supplements reduced the brain glutamine levels of shunted rats but did not completely restore normal lCMRglc (Mans et aI., 1986a; Hawkins et aI., 1993) , indicating that other factors are also involved.
Many factors can influence lCMRglc and the ac curacy of its determination, and there are poten tially serious problems associated with the use of e4C]glucose to assay lCMRglc • Por example, the amount of unmetabolized [14C] glucose remaining in the precursor pool must be subtracted from the total 14C measured in various structures by autoradiog raphy to obtain the level of 14C-labeled metabolites (Hawkins and Mans, 1989 ). This value is relatively high, i.e., �45% of the total 14C in normal, con scious rats at 5 min after the pulse and � 18% at 10 min (Hawkins and Miller, 1978) , and errors in the estimate of e4C]glucose in the precursor pool can have a large influence on the calculated lCMRglc • Values obtained in many brain structures with [2_14C]glucose are too low (Hawkins et al., 1985; Lear and Ackermann, 1988) , and rate constants used to calculate lCMRglC with [6-14C]glucose are estimated using a relation between T max and values for lCMRglc that were assayed with [2_14C]glucose (Hawkins et aI., 1983; Hawkins and Mans, 1989) . Underestimation of lCMR Ie with e4C]glucose compared with [14C] DG or e l P]fluorodeoxyglucose is evident at 6 min; the magnitude of underestima tion rises as the duration of the experimental period and metabolic rate increase, and varies with posi tion of the 14C label on e4C]glucose (Collins et aI., 1987; Br�ndsted and Gjedde, 1988; Lear and Ack ermann, 1988; Ackermann and Lear, 1989) .
Loss of various 14C-labeled metabolites of e4C]glucose (e.g., lactate, glutamine, other amino acids, and CO2) from brains of shunted rats or dif fusion of these compounds within the brain lias not, to our knowledge, been examined and ruled out as an artifactual cause for the apparent reduction in lCMRglc. About 13% of the glucose removed from blood of rats 4-5 min after an injection of ammo nium acetate is lost from brain as lactate (Hawkins et aI., 1973) . In 8-week shunted rats, net efflux of glutamine from brain (Gjedde et aI., 1978) nearly matches the net uptake of ammonia into brain (Cruz and Duffy, 1983) . 14C02 is lost from brains of nor mal rats within 5-10 min after a pulse of [2_14C]glu cose (Hawkins et aI., 1974 (Hawkins et aI., , 1979 (Hawkins et aI., , 1985 , and correc tions routinely made for estimated loss of 14C_ labeled metabolites of e4C]glucose from brain (assumed to be mainly 14C02) are not adequate (Hawkins et aI., 1985) . For example, values for {CMRglc determined with [2-14C]glucose in 10-min experiments with normal, conscious, unstressed rats (Bryan et aI., 1983) are similar to, but, on the average, -15% lower than those of 5-min duration (Lu et aI., 1983) . Also, lCMRglc (corrected for esti mated 14C02 loss) in 15 of 38 structures in brains of normal, conscious rats obtained with [2-14C]glucose are statistically significantly lower (15-27%) than those obtained with [6-14C]glucose (no loss correc tions) (Hawkins et aI., 1985) ; differences between the two tracers are not equal in all brain regions, and arithmetic means of values obtained with [2_14C]glucose are 11.3, 10.0, 18.8, 11.2, 17.9, and 24.0% lower for the telencephalon, diencephalon, mesencephalon, metencephalon, myelencephalon, and white matter, respectively. These discrepancies in metabolic rates for major brain structures ob tained with [2_14C]_ and [6-14C]-labeled glucose might account, in part, for apparent differences ob tained with [6-14C]glucose and [14C] DG when aver ages for these major anatomic divisions were calcu lated (Hawkins et aI., 1988) . It is also notable that low values for lCMRglc were obtained with [2_14C]_ glucose compared with those with [6-14C]glucose for many of the same structures [e.g., red nucleus, caudate nucleus, habenula, medial geniculate, infe rior colliculus, vestibular nucleus, superior olive, and cerebellar white matter (Hawkins et aI., 1985) ] that showed increased lCMRglc after portacaval shunting when assayed with [14C] DG (Cruz and Duffy, 1983; Lockwood et aI., 1986) . lCMRglc ob tained for these structures in portacaval-shunted rats with e4C]glucose might be underestimated.
In conclusion, the results of the present study demonstrate that delayed increases in lCMRglc after portacaval shunting obtained with [14C] DG (Cruz and Duffy, 1983; Lockwood et aI., 1986) are not the result of changes in brain glucose level and the lumped constant. Apparent discrepancies in the val ues of lCMRglc obtained with e4C]DG and e4C]glu cose, mainly at 4-12 weeks after shunting, may re flect, in part, the magnitude of disruption of func tional metabolism of glucose by different chronic levels of ammonia and/or its derivatives in brains of portacaval-shunted rats, and also effects of various problems with the use of e4C]glucose that influence the accuracy of the e4C]glucose method.
